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INTRODUCTION 
Recen t ly  t h e r e  has  been much c r i t i c i s m  of science 
teaching .  Some s c i e n t i s t s  have been c ~ n c e r n e d  t h a t  sc ience  
was n o t  t a u g h t  e i t h e r  a s  an understanding or a s  an en ter -  
p r i s e .  They t h i n k  t h a t  sc ience teaching should r e f l e c t  t h e  
n a t u r e  of s c i e n c e  and i t  should harmonize wi th  t h e  s c i e n t i f i c  
p o i n t  of view. The l a c k  of o r i e n t a t i o n  I n  sc ience  teaching 
and the  f a i l u r e  t o  teach  modern science have concerned many 
groups. 1 
It h a s  long been known t h a t  t h e  most e f f e c t i v e  learn-  
ing  r e s u 1 . t ~  from s i t u a t i o n s  i n  which t h e  l e a r n e r  i s  a c t i v e l y  
enqaged. Th i s  a c t i v e  enragement Includes  t h e  l e a r n e r ' s  
u n d ~ r s t a n d l n g  and acceptance of the purposes t o  be f u l f i l l e d .  
Good t e a c h e r s  have u t i l i z e d  t h i s  p r i n c i p l e  f o r  years.  I n  t h e  t 
t ~ a c h i n p  of sc i ence ,  t e a c h e r s  must sometines f o r g e t  t h a t  
" d 0 1 n ~ ~  i s  an e s s e n t i a l  p a r t  of the l ea rn ing  process.  Ofter,, 
they a r e  t e r p t e d  t o  t r y  t o  recover t h e  e q e r i e ~ c e s  of a l l  the 
s c i e n t i s t s  of a l l  the  ages by t e l l i n g  t h e  l e a r n e r s  what the  
a c h i ~ v e m e n t s  of t h e s e  persons have been. I n  add i t ion ,  
t e a c h e r s  a t t empt  t o  give t h e  s tuden t s  l o g i c a l ,  formal 
lw?tj ,onn1 Society f o r  t h e  Study O* Fdocatlnrr, Rethink- 
Jng Sc ience  Fducation, F i f ty -n in th  Yearbook, P a r t  I (Chicago: 
Irnivcrsi t!-  o!' Ch1cep;o Fress, l a b @ ) ,  p .  7. 
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o r g a n i z a t i o n  of sc ience  and t e l l  them what the a p p l i c a t i o n s  
of t h e  f a c t s  and p r i n c i p l e s  are. This t a s k  i s  so g r e a t ,  
t h a t  t o o  o f t e n ,  sc ience  teaching has  become science t e l l i n g .  
I. THE PROBLEX 
Statement  of t h e  problem. Science c u r r i c u l a  i n  t h e  
jun io r  h igh  schools  f o r  many years  has  been t h e  dumping ground 
f o r  t h e  h i g h  school  ma te r i a l s  t h a t  were not  being taught  a t  
t h e  secondary l e v e l .  Consequently, very  l i t t l e  concern h a s  
been g iven  t o  t h e  q u a l i t y  of work t h a t  could be taught  a t  
t h e  seventh ,  e i g h t h ,  and n i n t h  grade levels. Many of t h e  
present-day t e x t s  of fer  general  science courses  over bas i c  
I 
sc iences  wi th  i n s u f f i c i e n t  thought by the  au thors  on improv- 
ing the  q u a l i t y  of learning by s t imulat ing t h e  thought 
p rocesses  of the  s tu2en t s  f o r  comprehension during teacher-  
p u p i l  demonstrat ions.  The present  problem was t o  de te rn ine  
what l e v e l s  of corn-prehension junior high s tuden t s  i n  t h e  
n i n t h  grade develop during a teacher-pupil  demonstration on 
t h ~  f a c t o r s  which a f f e c t  the  r a t e s  of ;hotosy-nthesis i n  an 
Elodea n l a n t  and  t o  ca tegor i ze  these l e v e l s  of concepts. 
C o n c e ~ t s .  Concepts are a b s t r a c t i o n s  which organize 
t h c  world of o b j e c t s  and events  i n t o  smaller  number of ca te -  
1 
navies, nnrl In t h i s  atudp, concents w i l l  be used t o  i d e n t i f v  
3 
e x i s t i n g  between f a c t o r s  and r a t e  of photo- 
s y n t h e s i s .  
D i f f e r e n t  l e v e l s  of com~rehension.  D i f f e r e n t  l e v e l s  
of comprehension a r e  degrees  of  understandings t h a t  a r e  
developed by s t u d e n t s  dur ing an exper iaent .  The h igher  t h e  
deg ree ,  t h e  more complex t h e  l e v e l  of understanding.  
Var i ab le  f a c t o r s .  Variable f a c t o r s  a r e  those f a c t o r s  
which can be c o n t r o l l e d  in l abora tory  s i t u a t i o n s  which 
i n f l u e n c e  t h e  outcoaes  of a  s c i e n t i f i c  i n v e s t i g a t i o n .  Th i s  
r e p o r t  w i l l  use t h e  f a c t o r s  of l i g h t  i n t e n s i t y  and tempera- 
t u r e .  I 
Teacher-pun11 demonstration. A t eacher  pup i l  deaon- 
s t r a t l o n  i s  an cxper inent  Involving a  t eache r  being aided 
bv s t u d e n t s  i n  ca r ry ing  out a s e r i e s  of planned exge r inen t s  
wi th  ?he optiqurn h e l p  of s tudents .  
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STUDY 
I t  h a s  been s a i d ,  "It takes  fifty yea r s  f o r  educa- 
t i q n a l  t h e o r y  t o  become n r a c t i c e  i n  t he  schools .  n1 s c i ence  
track.ing i n  the secondary schools  i s  e n t e r i n g  t h e  a o s t  
c r i t i c a l  years of i t s  h i s t o r y  due t o  the  ever - increas ing  
t f c h n o l o g i c a l  oroRrpss i n  space and atomic energy. 
In  many r e s p e c t s  the  d i s t ance  between theory and 
i n  t h e  schools  science prograa i s  s t i l l  too wide. 
I1The mere unders tanding of s c i e n t i f i c  f a c t s  does n o t  c o n s t i -  
t u t e  unders tanding  of science.  Learning s t u d i e s  have shown 
t h a t  mere exposure t o  science does not  achieve understand- 
ing.  fll n A l t h o ~ g h  a l a r g e  por t ion  of t h e  population of the  
United S t a t e s  has  been exposed t o  science i n  the  schools ,  
t he  s c i e n t i f i c  i l l i t e r a c y  of the  publ ic  mind i s  appal l ing."2 
The products  of t he  science i n s t r u c t i o n ,  a s  repre-  
sented by t h e  average c i t i z e n ,  a r e  disappoint ing.  Science 
educa t ion  I n  t h e  f u t u r e  must break through t o  t h e  behavior 
p a t t e r n s  of t he  average c i t i z e n .  To achieve d e s i r a b l e  changes 
1 
i n  behavior ,  l e a r n l ~ g  experiences  involving t h e  methods and 
a t t i t u d e s  of s c i ence  mst be taught.  Furthermore, the f a c t s ,  
concepts ,  and n e n e r a l l z a t i - n s  of science should become means 
toward t h e  eevelopment of d e s i r a b l e  behavior p a t t e r n s  rather 
t han  ends themselves. These c o n ~ i t m e n t s  r ep resen t  a major t 
c h a l l e n ~ e  I n  sc ience  educat ion i n  the m t u r e .  
In t h e  hea t  of p resen t  concern about the  improvement 
of sacondary-school sc ience ,  t he re  have been numerous pro- 
posals t o  manipulate p resen t  courses,  t o  in t roduce  new 
courses ,  and t o  rear range  present  courses a s  t o  sequences. 
It is  t h e r e f o r e  important t h a t  these ~ r o n o s a l s  be evaluated 
i n  the l i ~ h t  of c l e a r e r  coqprehension of the  purposes of 
5 
sc ience  t each ing  and a c l e a r e r  i n s i g h t  i n t o  the  na tu re  of 
l e a r n i n g  expe r i ences  by which s tudents  can be expected t o  
a t t a i n  comprehension. 
D e f i n i t i v e  r e sea rch  regarding t h e  na tu re  of sc ience  
concepts  t h a t  can be learned by p u ~ i l s  a t  each grade l e v e l  
i s  l ack ing .  There i s  evidence, however, t h a t  t h e  background 
of exper ience  of the  l e a r n e r s  i s  a primary f a c t o r  In d e t e r -  
1 
mining t h e i r  c a p a c i t y  t o  conceptual ize  i n  science.  With 
s t u d e n t s  coning from t h e  lower grades i n t o  junior  high school 
wl th  more exper ience  i n  sc ience ,  i t  i s  reasonable  t o  expec t  
them t o  be a b l e  t o  work w i t h  concepts t h a t  before were con- 
s i d e r e d  beyond t h e  comprehension of average s tudents .  
Research a l s o  r e v e a l s  a wide range or  v a r i a t i o n  a t  
any grade  l e v e l  i n  the  a b i l i t y  of s tudents  t o  conceptual- 
i z e .  Fven thouch the  junior  high science s tuden t s  pursue 
the  same r e l a t i v e  science program from kindergar ten  through 
" 
grade  s i x ,  one cannot assume t h a t  they have a l l  reached t h e  
! 
sane level .  of achievement. In  f a c t ,  t he  b e t t e r  the  sc i ence  
prograa  i n  t h e  elementary grades,  the g r e a t e r  t he  v a r i a t i o n  
of achievement w i l l  k e  by t h e  time t h e  s t u d e n t s  reach jun io r  
h igh  school .  This  has  a number of important connotat ions  
f o r  the development of sc ience  courses i n  grades  seven, e i g h t  
and n ine .  Since an ~ x p a n s i o n  has  taken p lace  i n  the  lower 
'Katherine E. H I 1 1  Chi ldren 's  Cant ons 
s c i e n c e  Discuss ions  (New $ark: Fureau of G z r t a t i o n s ,  
Teachers  C o l l e ~ e ,  Columbia Univers i ty ,  19471, p .  24. 
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grades ,  much of t h e  t r a d i t i o n a l  general  science u n i t s  wi l l  no 
longer  be included i n  the  junior high curriculum. Thus, more 
comnlex u n i t s  of science content from the  high school science 
curr iculum can be s t r e s sed  a t  t he  junior high l e v e l .  1 
J u n i o r  high science courses should provide f o r  a wider 
range of l e a r n i n g  experiences than i s  genera l ly  poss ib le  f o r  
the  elementary l e v e l .  Greater  provision should be made f o r  
a l a b o r a t o r y  t m e  l ea rn ing  s i t u a t i o n  i n  which the  s tuden t s  
can a c t u a l l y  c a r r y  out  an experiment which they have a c t u a l l y  
thought o u t  r a t h e r  than f r o n  a work-book type experiment i n  
which t h e y  a r e  t o l d  exac t ly  what and how they do it. This  
Is merely a cook-book type s i t u a t i o n  and i s  n o t  considered 
I 
very  en r i ch ing .  
Frandwein has  found t h a t  ~ u p i l s  taking sc ience  i n  the  
n ~ r r n a l  way, with l i t t l e  o r  no laboratory work, e l e c t  fewer 
sc i ence  c m r s e s . *  Other research  shows t h a t  l abora to ry  
exper i ences  ir,  ~ e n e r a l  science can be used i n  developing 
understanding of s ~ l ~ c t e d  science p r inc ip le s .3  Thus, i f  the 
span from elementary school science t o  sen io r  h i g h  school 
sc i ence  I s  t o  be  bridged i n  a developzental  sense,  l abora to ry  
' ~ e l e n  r. Hale, I1Quality Science f o r  the  Junior High 
School ,* e t i n  gf t h e  Kational Associat ioq of Secon- 
School P2A:ioalo, X I ,  0 .  260 ( a e c e ~ b e r ,  I?-. 
*paul F. Brandwein, The Gifted C h i l d  h t u e  
(New York: Harccurt-Frace and Company, 10551, 
7 
~ o r k  must become a common p rac t i ce  i n  t h e  junior  h igh  school 
sc ience  program. 
I V .  BRIEF REVILW OF THE LEABMIIiG PROCESS 
The unique Purpose of the schools i s  t o  c r e a t e  wi th in  
the s t u d e n t s  c e r t a i n  types  of cogni t ive learn ing  and s t anda rds  
of c r i t i c a l  judgment which a r e  no t  acquired through day-to-day 
s o c i a l  c o n t a c t s  in the  community o r  home. The school should 
g ive  t h e  s t u d e n t s  a firm foundation of bas ic  knowledge based 
on s k i l l s ,  a t t i t u d e s ,  and understandings. Therefore,  educa- 
t o r s  must p r i m a r i l y  be concerned w i t h  what the  c h i l d  l e a r n s ,  
t h e  c o n d i t i o n s  under which d i f f e r e n t  i n d i v i d u a l s  achieve t h i s  
1 
l e a r n i n g  most r a p i d l y ,  and the  evidences each ch i ld  g i v e s  of 
having nchieved the  ob jec t ives  of science education.  
The r e a d i n e s s  of each ind iv idua l  pup i l  and t h e  s t r u c -  
t u r e  of  t h e  subject coTe toge ther  i n  the  process  of " learn-  
 in^." Teaching i s  the nrocedure by which teachers  a t t e a p t  O 
t o  e m e d l t e  t h i s  learn ing .  Without s e r i o u s  and cont inua l  
s tudy  of t h e  c o m l e x  l e a r n i n e  Drocesses r e a r i r e d  i n  sc i ences ,  
v a l i d  sc i ence  teaching  methods w i l l  be developed slowly. 
Help i n  understanding the  learn ing  processes  must COTE 
from d a t a  c o l l  ected by -sychologis ts .  However, very l i t t l e  
r e s e a r c h  i s  a v a i l a b l e .  When t h e  Advisory Board on Education 
of t h e  Nat iona l  Acadeay of Sciences considered means t o  
Improve s c i ~ n e e  educati ,n,  many ques t ions  were r a i sed  about 
the status of bas i c  r e sea rch  on fundanental  processes of 
1 ~ a r n l . n ~ .  F:xarnin~tion ind ica ted  t h a t  r e l a t i v e l y  l i t t l e  d i r e c t  
8 
was g iven  t o  these  problems by experimental  psy- 
c h o l o g i s t s .  Th i s  makes it very d i f f i c u l t  t o  acqui re  meaning- 
f u l  d a t a  about  fundamental concepts and t h e o r i e s  of t h e  
].earning ?recesses. However, it i s  of v i t a l  importance t h a t  
sound p r i n c i p l e s  be a v a i l a b l e  f o r  guidance i n  developing 
s-d programs and improving teaching I n  science.' Fur ther-  
more, a group of psychologis t s  reported t o  t h i s  same Academy, 
"There was g e n e r a l  agreement t h a t  research  on i n t e l l e c t u a l  
deve1op:nent and e s p e c i a l l y  on problems fundamental t o  t h e  
unders tanding  of i n t e l l e c t u a l  l ea rn ing  i n  the  schools ,  h a s  
been s e r i o u s l y  neglected.  l f2  
Before any courses  of s tudy  can be fully developed t o  
1 
be of the utmost  h e l p  i n  a id ing  s tuden t s  t o  understand and 
comprehend s c i e n c e ,  t he  educa t iona l  and psychological  pro- 
c e s s e s  must be f'ul'ly understood. 
In  a second r e ~ o r t  on the  con tac t s  between psychology 
and  ducati ion, t h e  Academy nenbers observed t h a t  between l89C 
'I: 
and lQ?C, t h o s e  who d i n  research  i n  these  a r e a s  a l s o  a s s i s t e d  
innortant l : .  i n  the  shap1r.g of educat ional  developments, 
theories and methods i n  use  today. In  r ecen t  yea r s  t h i s  c l o s e  
l i a i s o n  h a s  heen l a r g e l y  l o s t ,  e s p e c i a l l y  between p r a c t i c a l  
'psycboloplj.cal Rpsrarch & Education (Washington: Yet- 
l o n n l  ~ e G a - c h  Council,  :.at.'ona? i ca t ' e ly  of Sciences ,  lo'?), 
2 
Ibid p .  ii. 7 . 9  
and r e s e a r c h  psychologis t s .  1 
Although i t  cannot be assumed t h a t  o lder  ch i ldren  
l e a r n  i n  t h e  same manner or  with  t h e  same emphasis a s  younger 
chi]-dren,  s u g g e s t l . 0 3 ~  from work with younger s tudents  should 
h e l p  i n  i n v e s t i g a t i n g  how t o  proceed with  t h e  l a t t e r  group. 
P a r t i c u l a r  a t t e n t i o n  should be f ocu.sed upon the  conceptual 
p rocesses  by which the  younger c h i l d r e n  form ca tegor i e s ,  and 
whether t h e s e  deal- with s t a t i c  o r  dynamic a t t r i b u t e s  of 
phenomena. Grouping i n t o  c a t e g o r i e s  is cne aspec t  of concept 
formation.  F a j o r  r e sea rch  a l r eady  v e r i f i e s  t h a t  concept 
a t t a inmen t  i n  acqu i r ing  t h e  a b i l i t y  t o  d i s t i n g u i s h  between 
even t s  and o b j e c t s  which should o r  should not  belong i n  a 
t 
given ca t egory  i s  poss ib l e .2  I f  educators  wish ch i ld ren  t o  .. 
?evelor skills In  making a n ~ l l c a t l o n s  and i n  judging the  
d e s i r a b i l  i t y  of a n t i c i p a t e d  r e a c t i o n s ,  then science would 
seen t o  o f f e r  t h e  i d e a l  area of experimentation. 
- 
However, educa tors  have very l i t t l e  c l e a r  evidence as rn 
t~ how and when t h e  develoning c h i l d ,  ~ r o v l d e d  with se lec ted  
e x p e r i e n c r s ,  can form dynamic c l a s s i f  i ca t l rms .  To t r u l y  
uneers tend t h r  l ~ a r ~ i n g  processes  of s t u ? e n t s ,  t h e i r  home 
and school  b a c k ~ r o u n d s ,  gcnera l  i n t e l l e c t u a l  a b i l i t y ,  sex, 
'J. S. Fruner and J. Crodnaw, The Study of think in^, 
(Hew Vork: John V i l e y  and Sons, Inc. ,  l a c 6  , p .  12.  
2~ P p o ~ o s e d  - za t ion  for Kesearch in Education 
( ~ a s h i n ~ T o n  : ? . r t io2?a ; f f . senrch  Council, Yational Acaden:~ 
of Sc iences ,  19sP) ,  p .  4. 
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age, and o t h e r  l e s s  obvious a t t r i b u t e s  must be taken i n t o  
cons ide ra t ion .  
I n  t h e i r  e f f o r t s  t o  improve the  planr ing and opera t ion  
of s c i e n c e  cour ses ,  most teachers  a re  severe ly  hampered by 
l ack  of adequate  r a t i m a l e  of teaching and learning. '  Such 
a  r a t i o n a l e  should con t r ibu te  t o  the production of i n s t r u c -  
t i o n a l  p l a n s  a s  c l e a r  and a s  operat ional  a s  possible .  Such 
planning r e q u i r e s  a knowledge of how chi ldren  l e a r n  concepts,  
but  t e a c h e r s  cannot wai t  u n t i l  "all1' i s  h o w n  about the  
l e a r n i n g  procedure before  taking s t eps  t o  f u r t h e r  progress  
i n  t h i s  impor tan t  a rea .  Ce r t a in ly  what i s  now known can be 
p r o f i t a b l y  incorpora ted  i n t o  the  design of planning schenes. 
Teachers  need some franework which w i l l  a id  them i n  
ma kin^ e x p l i c i t  n l a n s  in advance of each day's classroom 
a c t i v i t i e s ,  t h e  n a t u r e  of the e q e r i e n c e s  t o  be learned ,  and 
thr behavior  p a t t e r n s  sought from pupi l s  a s  exact evidence 
t h a t  l e a r n i n p  h a s  taken place.  There a l ready  e x i s t  s eve ra l  c 
s u ~ q e s t i o n s  a s  t o  the  poss ib l e  na ture  of such schemes o r  f o r -  
na ts .  One r h a s e  of t h i s  research has  been t o  survey e x i s t i n g  
p ~ y c h o l o g i c a l  knowledge t o  see whether such f o r a a t s  a r e  con- 
s i s t e n t  w i t h  what i s  known about the l e a r r i n g  processes.  The 
second p r o b l e a  i s  t o  pu t  i n t o  p r a c t i c e  t h e  t eache r s '  a b i l i t i e s  
t o  des ign  such p lans  and use them e f f e c t i v e l y .  Teachers must 
t h e r e f o r e  be a b l e  t o  read the s c r i p t s  and v i s u e l i z e  the 
' behaviors .  A format t h a t  i s  psychological ly  sound, 
can f a c i l i t a t e  t h e  l ea rn ing  of lessons ,  and i s  i n t e l l i g i b l e  
t o  s c i e n c e  t e a c h e r s ,  w i l l  c e r t a i n l y  con t r ibu te  t o  the  improve- 
ment of t h e  teaching  of science.  
Although the  l ea rn ing  process and i t s  assoc ia ted  prob- 
lems cannot  be considered a p a r t  from the  l e a r n e r ,  t he re  a r e  
some d i f f i c u l t  problems confronting science educators  today 
which a r e  mainly concerned with  the  l e a r n e r ,  e s p e c i a l l y  
d i f f e r e n t  t ypes  of l e a r n e r s .  
V. CURREKT RESEAECH FOR IMPROVING SCIENCE EDUCATION 
Donald Decker, p a s t  p res ident  of t he  National Science 
Teachers AssociatLon and d i r e c t o r  of t he  department of Science 
Educat ion,  Colorado State College, stated t h a t  a good science 
program should be based :n t h e  following c r i t e r i a :  
Continuous experiences  i n  science must be a v a i l a b l e  
f r o a  k i n d e w a r t e n  through grade twelve. Students  a t  
each grade l e v e l  can l e a r n  some concepts i n  each area 
of sc i ence .  Science concepts s tud ied  from K - 3  should 
a1 l ow t h e  c h i l d  t o  descr ibe  h i s  environmertal  s i t u a t i o n  
and show him t h a t  sc ience  bases ideas  3n f a c t s .  Grades 
t h r e e  t h r o u ~ h  s i x  should enable ch i ld ren  t o  desc r ibe  
end r x n l a i n  t h e i r  environment, equip c h i l d r e n  wi th  a 
p l a n  f o r  a  s o l u t j o n  of simple probleas ,  and how t o  
s e l e c t  p e r t i n e n t  informati7n v i thout  b i a s .  Science,  
gmdes seven, e i g h t  and nine should allow c h i l d r e n  t o  
d e s c r i b e ,  e x ~ l a i n  and eva lua te  t h e i r  environment, develop 
problem so lv ing  s k i l l s  t h a t  enables  them t o  analyze evi- 
dence and make ~ e n e r a l i z a t i o n s .  Senior  high s tuden t s  
should d e s c r i b e ,  e m l a i n ,  eva lua te  and p r e d i c t  causes 
and r e s u l t s  of a c t i v i t y  i n  major a reas  of sc ience ,  become 
p r o f i c  e n t  i n  problem solving,  and base conclusions on 
f a c t s .  f 
A resea rch  p ro j ec t  car r ied  out by the Englewood Public  
Schools, F,nglewood, Colorado, was d i rec ted  toward the col lec-  
t i o n  of information t o  prove o r  disprove two assumptions 
r e l a t ed  t o  q u a l i t i e s  of science concepts developed by elemen- 
t a r y  school children. '  The qua l i t y  concepts i n  t h i s  r epo r t  
a r e  d e s c r i p t i v e  ideas  of c l asses  of objec ts  or  events used by 
s t uden t s  i n  a learn ing s i t ua t i on .  
The two assumptions i n  t h i s  r epor t  were: (1) s tudents  
a t  each grade l e v e l  develop d i f f e r en t  q u a l i t i e s  of con- 
c ep t s  o r  degrees of completeness during each science 
l e s son ;  and (2 )  the science concept a student does 
develop may be a b e t t e r  indica t ion  of the  a b i l i t y  of the  
s t uden t s  t o  develop science concepts than h i s  i n t e l l i -  
gence quot ient .  
The genera l  f ind ings  of t h i s  study revealed: 
(1)  t h a t  s tuden t s  do develop d i f f e r en t  q u a l i t i e s  of con- 
c ep t s ,  (2) teachers  a l s o  d i f f e r  i n  t h e i r  a b i l i t i e s  t o  
t each  sub j ec t  matter t o  d i f f e r e n t  c l asses ,  and (3) the 
a b i l i t y  of teachers  t o  teach a science lesson plan i s  
a s  imnortant  In  science e d  ca t ion  a s  the i n t e r e s t s  and 
abilities of the  s tudents .  Y 
VI. ANTICIPATED OUTCOXFS OF *THIS STZiDV 
This f i e l d  r e r o r t  w i l l  take i n t o  considerat ion the  
cu r r en t  da ta  from educational and ~ s y c h o l o g i c a l  research i n  
drveloping a science u n i t  on ~ho to syn the s i s  f o r  junior high 
school n i n t h  graders .  
Teachers many times f a i l  to  take i n t o  considerat ion 
a l l  of t he  f a c t o r s  which w i ? l  influence the  outcomes of a 
' . R ~ ~ ~ ~ ~ ~  G .  W l t e r s ,  "Quelity Science Concepts of 
Science Students  i n  the  Englewood School D i s t r i c t "  (~ngle- 
wood, Colorado: Englewood School D i s t r i c t  Foard of Educa- 
t i o n ,  1 060). (Mimrogrsphed 3eport.) 
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experiment.  Thus, i f  the  t eache r s  f a i l  t o  c o n t r o l  
t h e s e  f a c t o r s  5-n demonstra t ions ,  i t  w i l l  be very hard f o r  the  
~ t u d e n t s  t o  ca r ry  ou t  a  t rue  s c i e n t i f i c  p r o j e c t  i n  a  s c i e n t i -  
f i c  manner. 
There fo re ,  s i n c e  c u r r e n t  research  da t a  a t  the  elemen- 
t a r y  school  l e v e l  v e r i f i e s  t h a t  s tudents  can and do develop 
d i f f e r e n t  l e v e l s  or degrees  of concepts, I t  was assumed t h a t  
a c l o s e l y  k n i t  un i t  on photosynthesis  will .  o f f e r  pup i l  exper i -  
ences  which would a l low t h e  development i n  s tuden t s  of 
d i f f e r e n t  l e v e l s  of unders tandings  or conceptua l iza t ions  a t  
t h e  j u n i o r  h i g h  school  l e v e l .  It was t h e  aim of t h i s  s tudy  
t o  v e r i f y  t h e  assumption t h a t  s tuden t s  can develop d i f f e r e n t  
1 
degrees  of r e l a t i o n s h i p s  and understandings and t o  ca t egor i ze  
these l e v e l s  of concepts.  There was no at tempt t o  c o r r e l a t e  
t h e s e  d i f f e r e n t  deprees of conce?ts with the s t u d e n t ' s  
i n t e ?  l i ~ e ~ c e  q u o t i e n t .  
CHAPTER 11 
k DESCRIPTIOE OF PROJECT 
I. THE PROJECT 
The purpose of t h i s  s tudy  i n  junior  high school 
s c i ence  was t o  determine what l e v e l s  of conceptual  a t t a i n -  
ment may be developed by ind iv idua l  s tuden t s  dur ing  a 
c o n t r o l l e d  teacher -pupi l  demonstration on the  f a c t o r s  and 
v a r i a t i o n s  of c e r t a i n  f a c t o r s  which a f f e c t  t he  r a t e  of 
pho tosyn thes i s  i n  Tlodea p l an t s .  
The demonstrat ion was based on two f a c t o r s  which 
a f f e c t  t h e  r a t e s  of photosynthesis :  (1)  l i g h t  i n t e n s i t y ;  
and (2) temperature .  Students  were t o  a s s i s t  the  t eache r  
i n  s e t t i n g  up a Rroup of experiments t o  demonstrate how 
these f a c t o r s  opera te .  
D u r l n ~  t h e  progress ion of t he  dernonstration, s t u d e n t s  
were t o  be asked ques t ions  by t h e  teacher  concerning r e s u l t s  
of obse rvab le  phenomena. An examrle of t h i s  would be c a ~ r i e d  
ou t  dur ing  t h e  t r i a l  on l i g h t  i n t e n s i t y  and v a r i a t i o n s  of t h i s .  
The s t u d e n t s  were t o  vary the  d i s t ances  from t h e  p l a n t  t o  t h e  
l i p h t  sou rces  ar.d record t h e  changes i n  t h e  number of gas  
bubbles g iven  of f  by t h e  Flodea plant, t hus  showing a numerl- 
Cal I n c r e a s e  o r  decreese  i n  gas production i n  r e l a t i o n  t o  
1. ipht  source  d i s t ances .  The s tudents  were t o  graph t h e s e  
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d a t a  on t h e  blackboard and show r e l a t i o n s h i p  of gas  bubbles 
i n  co!nparison t o  l i g h t  i n t e n s i t i e s .  The only va r i ab le  f a c t o r  
of t h i s  l i g h t  i n t e n s i t y  experiment was the  d i s t ance  of the  
l i g h t  source fron t h e  p l an t .  The water temperature and 
i n g r e d i e n t s  of t h e  medium i n  which the p l a n t  was placed,  t h e  
l a a p  wa t t age ,  t h e  p e r  cen t  of environmental carbon dioxide,  
and t h e  ch lo rophy l l  conten t  of the  p l a n t s  was cons tan t  or  
c o n t r o l l e d ,  a s  s e t  f o r t h  i n  the ac tua l  demonstration. 
Each s tuden t  was t o  wr i t e  a summary of the  experiment 
i n  h i s  own words and s t a t e  the  r e l a t i o n s h i p s  which e x i s t  
between t h e  r a t e  of photosynthesis  and the  f a c t o r  under 
study. It  was assumed t h a t  s tudents  would develop d i f f e r e n t  
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l eve l  s of unders tandings.  The l e v e l s  of coaplex i ty  could be 
c l a s s i f i e d  a s  numericel degrees of r e l a t i o n s h i p .  An example 
o f  t h e s e  a r e :  f i r s t  degree,  second degree, and t h i r d  
degree  r e l a t i o n s h i p .  The higher  t h e  degree of r e l a t i o n s h i p ,  
the  more deta l . l ed  and involved Is the  concept developed. c 
I n  t h i s  demonstration on l i g h t  source d i s t ance ,  a  
s t u d e n t  might summarize by s t a t i n g  t h a t  l i g h t  i s  necessary 
f o r  p! ants t o  c a r r y  on rhotosynthesis .  This  would be c a l l e d  
a f i r s t  degree  r e l a t i o n s h i a .  A concept, the  g r e a t e r  t h e  
I n t e n s i t y  of l i g h t ,  the  g r e a t e r  the r a t e  of gas bubbles, 
would be of second d e ~ r e e  comnlexity. A t h i r d  degree r e l a -  
t i o n s h i p  would br if t h e  s tudent  s t a t e d  t h a t  t h e  r a t e  of 
p h ~ t o s y n t h e s l s  i s  an inverse  proportion i n  which the  
~ h o t o s y n t h e t i c  r a t e  varies with the square of the d i s t a n c e  
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from t h e  Elodea p lan t  t o  the  l i g h t  source. The purpose of 
t h e  s tudy was t o  determine t h e  levels of understanding as  
exemplified here.  
11. i-lOW TEACH'iRS CAN GET OPTIMUM FBSULTS 
FROM THIS UNIT 
Teachers s h o u l d  t a k e  i n t o  consideration a l l  of the 
va r i ab l e  f a c t o r s  which might a f f ec t  the outcomes of such 
a demonstration. The s c i e n t i f i c  f ac to r s  might include the  
environmental condit '  ons such a s  whether the Elodea p l an t s  
were l i g h t  o r  d a r k  adapted. This could have an e f f e c t  on 
the q u a n t i t y  of gas bubbles given off  i n  a c e r t a in  i n t e r v a l  
1 
of time a t  a given l i g h t  in tens i ty .  The experimental Elodea , 
p l a n t s  should have a comon background. This would include 
c rowing p l a n t s  i n  the same aquarium and i r r ad i a t ed  wlth the 
s m e  i n t e n s i t y  of l i g h t .  The ~ h y s i c a l  s t a t e  of the Flodea 
p l an t  is l m ~ o r t a n t  a lso .  The plants  should a l l  be of the u 
s a w  denree of green coloring. Another f a c to r  h i c h  should 
be recognized i s  the manner of cutting the Plodea tw ig .  The 
base of the  p l an t  should be c u t  a t  r i gh t  angles t o  the 
p l a n t ' s  ax i s  with a  sharp instrument. After cut t ing  the 
sprig i t  w i l l  be helpful  t o  squeeze the cut  end between the  
thumb and index f inger  t o  decrease the area exposed. This 
\Jill r e s u l t  i n  the  formation of gas bubbles of unlfora s i z e  
nnrl r a t e  of production nore constant. Care must be taken 
t o  insure  accuracy i n  reading the l i g h t  meter and thermometer. 
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I n d i v i d u a l  d i f f e rences  will have an e f f e c t  on the  
accuracy  of measurement, s ca l e  readings,  d a t a  recording,  
c a l c u l a t i o n s  and o ther  observations.  I t  i s  
a l s o  impor t an t  t h a t  a  minimum of background d i f f e r e n c e s  
occurs  w i t h i n  the  group concerning t h e  conten t  of t h e  top ic .  
~ h u s ,  each s t u d e n t  should be given a prel iminary statement 
of t h e  work t o  be covered. This w i l l  a c t  a s  a " re f r e she r  
course"  f o r  t h e  s tuden t s .  It should include the e s s e n t i a l  
in format ion  on t h e  top ic .  I t  i s  very important t h a t  all 
s t u d e n t s  review t h i s  ma te r i a l  very thoroughly. It might 
be necessary t o  inc lude  some of the  r e p e t i t i v e  d r i l l i n g ,  
bu t  t h i s  must be held t o  a  minimum since i t  could have an 
1 
adverse  a f f e c t  on t h e  expected outcomes the  s tuden t s  develop. 
v .  
The students should c a r r y  out a s  much of the  demon- 
s t r a t i o n  a s  ~ o s s i b l e  under t h e  t eache r ' s  observation.  This 
s9ould increase t h e i r  d e s i r e ,  s t imulate  i n t e r e s t  and g i v e  
- 
them a sense  of d i r e c t i o n  i n  conducting t h e i r  own experi -  
u 
~ e n t s  l a t ~ r .  Accurate recording of da ta  should be exylained 
by t h e  t e a c h e r  a s  t o  i t s  importance i n  t h e  f i n a l  outcome. 
'These d a t a  should f i r s t  be placed on the  blackboard s o  t h a t  
accuracy I n  record inn  can be scru t in ized  by a l l  s tudents .  
In t h e  p r e s e n t  s tudy ,  the  a c t u a l  i n t e r p r e t a t i o n  of t h i s  
graph should he l e f t  t o  t h e  d i s c r e t i o n  of the  s tudents .  The 
t e a c h e r  should o f f e r  very  l i t t l e  a s s i s t a n c e  i n  t h i s  i n t e r -  
p r ~ t a t l o n  s i n c e  the  o b j r c t  of t h i s  ~ r o j e c t  i s  t o  determine 
t h e  d e ~ r e e  of understanding t h e  s tudents  develop from the  
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of the experiments. The students  should a l s o  be 
encouraged t o  do t h e i r  own work and not  l e t  classmates com- 
pa re  r e l a t i o n s h i p s  since the r e s u l t s  would not  be valid with 
t h e i r  own range of s c i e n t i f i c  capab i l i t i e s .  
111. REVIFW OF PHOTOSYRTHESIS FOR STUDENTS 
The energy upon which a l l  l i f e  depends comes f r o a  the 
sun i n  the  form of rad ia t ion  called l i gh t .  Th i s  energy can- 
not be used d i r e c t l y ,  but green p lants  employ it i n  photo- 
syn thes i s - - l igh t  building. In t h i s  process, the  burned out 
carbon p resen t  i n  the a i r  a s  carbon dioxide i s  r e b u i l t  i n t o  
organic compounds which are  essen t i a l  fo r  l i f e .  Other 
mate r ia l s  bes ides  carbon dioxide which are  important i n  
photosynthesis  a r e  water and sunlight ,  and sunlight  i s  a  
c r u c i a l  l l r n i t i n ~  fac to r .  Few plants  do w e l l  without more 
than 10 per cen t  of f u l l  sunl ight ,  and fewer s t i l l  survive 
with 1 p ~ r  cen t .  In con t ras t ,  water and s o i l  f e r t i l i t y  are  
- 
primary l i m i t i n g  f ac to r s  f o r  p lant  growth but not  the 
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nrocesses of photosynthesis. 
Imagine looking a t  a  factory from the outside.  Yor: 
see t rucks  de l ive r ing  nothing but mineral water and a i r .  
From t h e  o the r  end of the  fac tory ,  you see t rucks  carrying 
out ca r loads  oC suEar. Fantast ic? Not a t  a l l !  Such an 
a c t i v e  chemical f ac to ry  i s  r i g h t  outside your window i n  the  
summer time. T5is factory i s  the  green l e a f .  I t  i s  not so 
simple t o  the  s c i e n t i s t s  who have been t ry ing t o  inves t iga te  
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the chemical  processes  t h a t  take place wi th in  the  l e a f .  For 
he re  t h e  b a s i c  i n g r e d i e n t s  of l i f e  a r e  formed, without which 
man and all animals  would s t a rve ,  and, without oxygen, most 
l i f e  could n o t  be susta ined.  
The ch ie f  func t ion  of the l ea f  i s  making (synthesiz-  
ine) a new chemical compound from the  ma te r i a l s  a t  hand, 
carbon d i o x i d e  and water. P l an t s  which ca r r i ed  on photo- 
s y n t h e s i s  ages  ago provide the  coal  and petroleum used today. 
Sugar i s  used by p l a n t s  t o  maintain l i f e  and manufacture a 
wide v a r i e t y  of o t h e r  compounds. 
How e x a c t l y  does a p l a n t  manufacture sugar? From the  
s o i l ,  t h e  p l a n t  absorbs  water. A i r  e n t e r s  the  l e a f  through 
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openings c a l l e d  stomates. Water and carbon dioxide from t h e  
a i r  enter the c e l l s  of the  leaves .  Chlorophyll-containing 
cells excosec! t o  l i g h t  convert  water and carbon dioxide i n t o  
a new product--sugar.  Since l i g h t  i s  required f o r  the  
s y n t h e s i s  of sugar ,  t h i s  process  i s  ca l l ed  photos>-nthesis 
(from the  Greek word, "put t ing  together  by l i g h t n ) .  L i g h t  
I s  a form of cnergy. i, greec l e a f  converts  l i g h t  energy 
i n t o  chemical  energy which binds the  elements toge ther  i n t o  
a sugar  no lecu le .  This can be proven by placing sugar i n  
c o n t a c t  w i th  s u l f u r i c  acid : i t s  molecules w i l l  break down, 
r e l p a s i n ~  h e a t  and sometimes l i g h t .  Without the  energy of 
l i ~ h t ,  t h e  l ~ e f  cells could not  synthesize  sugar. 
?'he ~ m c r ~ 1  chemical equation f o r  the  r e a c t i o n  of 
p h ~ t o s y n t h e s i s  is:  
6 C02+6 H 0 + Energy + Chlorophyll + Fnzymesf H 0 +602.? 2 6 12  6 
Condi t ions  Necessarv For Photosynthesis 
The r a t e  of photosynthesis  i s  influenced by tempera- 
t u r e ,  i n t e n s i t y  of l i g h t ,  amount of carbon dioxide p resen t  
i n  t h e  surrounding environment, and the  abundance of water.  
A few simple a l g a e  a r e  a b l e  t o  l i v e  i n  ho t  spr ings  and c a r r y  
on t h e  p r o c e s s  a t  extremely high temperatures. Other algae 
f l o a t i n g  i n  t h e  Arc t i c  Ocean c e r r y  on t h e  process a t  almost 
f r e e z i n g  temperatures .  The g r e a t  major i ty  of p l a n t s  manu- 
f a c t u r e  t h e i r  food a t  temperatures intermediate  between these  
two extremes.  P l a n t s  d i f f e r  a g rea t  dea l  i n  t h e i r  l i g h t  
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reaui rements .  Leaves on many p l a n t s  a d j u s t  t o  t h e  l i g h t  by 
prowine i n t o  ~ o s l t l o n s  w h e w  they receive the  g r e a t e s t  amount 
of sunshine.  A 3  adequate supply  of water i n  the  s o i l  i s  also 
necessaryr. The energy s tored i n  180 grams of sugar (glucose)  
I s  a ~ p r o x i r n a t e l y  672 k i l o c a l o r i e s ,  o r  enough energy t o  h e a t  u 
water f o r  a good shower bath.  This energy i s  obtained from 
l l ~ h t .  A Rrpen chlorophyl l  molecule t h a t  has  absorbed a u n i t  
of l i g h t  h a s  a h e a t  energy l e v e l  equivalent  t o  a t eqpe ra tu re  
ranee t o  t e n s - o f - t h o u s a ~ d s  of degrees. Since t h i s  i s  enough 
h e a t  energy t o  d e s t r o y  a p l an t  i n s t a n t l y  a t  t h i s  hiph tenper-  
nture, t h p  energy i s  used during p h o t o s ~ t h e s i s  withi* 
thousanths  of a second or changes gradual l?  t o  heat and 
Spread s o  f a s t  ovrr  s o  many rno l~cu les  wi th in  the  n l a n t  t h a t  
no harm i s  done. 
21 
The i n t e n s i t y  of sun l igh t  from dawn t o  sunset  varies 
~ i t h  t h e  e l e v a t i o n  of the  sun and atmospheric condi t ions .  
F u l l y  exposed l e a v e s  can use no more thari one - f i f th  t o  one- 
h a l f  t h e  t o t a l  l i g h t  ava i l ab le  with normal amounts of carbon 
d ioxide  a v a i l a b l e .  Therefore,  about one-third of t he  t o t a l  
s u n l i g h t  w i l l  permi t  maximum photosynthesis.  Most ~ l a n t s  
w i l l  make growth wi th  a s  l i t t l e  a s  10 per cen t  sunl ight .  
The g r e a t e s t  harm of s u n l i g h t  occurs when the  in t ense  h e a t  
dehydra tes  p l a n t s .  
S u n l i g h t  a lone  cannot do the  whole job of photo- 
s y n t h e s i s .  I n  the  leaf, t h e r e  a r e  substances which h e l p  sun- 
l i g h t  change carbon dioxide and water i n t o  sugar. Chlorophyll  
1 
and o t h e r  enzymes a r e  these  substances. Thus, s u n l i g h t  w i th  
the h ~ l p  of these enzymes converts  t h e  raw m a t e r i a l s ,  carbon 
d iox ide  and water ,  i n t o  glucose. Actually,  t h e  process  of 
pho tosyn thes i s  i s  n o t  t h i s  simple. Many i n t e r a e d i a t e  s t e p s  
t ake  n l a c e  and s c i e n t i s t s  do r o t  know a l l  of t he  s teps .  ?iZlch 
rn 
r e ~ e a r c h  has  v e t  t o  be done t o  unravel t h i s  s e c r e t  of na tu re .  
Without. carbon d ioxide ,  formerly consider06 a  waste 
R a S ,  c h l o r o p h y l l  cannot ~ e r f o r m  t h i s  work. The amounts of 
cnrbon d i o x i d e  cas  p resen t  i n  the  atmosphere a r e  only about 
t h r e e  p a r t s  per  t en  thousand. In working with  water p l an t s  
Such R S  "lodes i t  i s  very i e o r t a n t  t h a t  a  cons tan t  source 
of t h i s   as Is ~ v a i l a b l e  in  the  f l u i d  environment. To i n s u r e  
the  n r c e s s a r y  concent ra t ion  of carbon dioxide,  a  so lu t ion  of 
.25 per  cen t  sodium bicarbonate  i s  mixed end about 2 cc. 
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(cubic  c e n t i m e t e r s )  of t h i s  so lu t ion  i s  added t o  every  100 
CC.  of  aquarium water.  This w i l l  provide a source of carbon 
d ioxide  w i t h o u t  t h e  need f o r  animals. 
A t e s t  f o r  the  absorp t ion  of carbon dioxide from water 
by green  p l a n t s  i n  l i g h t  i s  revealed through the  change of 
c o l o r  of an i n d i c a t o r ,  brom thymol blue. I t  i s  blue i n  
a l k a l i n e  ( b a s e )  s o l u t i o n s  and yellow i n  an  acid  medium. I t  
h a s  a v e r y  narrow range i n  pH from 6.0 (yellow) t o  7.6 ( b l u e ) ,  
so  t h a t  s l i g h t  changes i n  the  so lu t ion  (hydrogen-ion) show up 
quick ly .  Thus, a s l i g h t  increase  i n  a c i d i t y ,  a s  when carbon 
d iox ide  Is added t o  the  s o l u t i o n ,  w i l l  change t h e  blue 
( a l k a l i n e ?  c o l o r  t o  yellow. When carbon dioxide i s  absorbed,  
c 
a s  i n  p h o t o s y n t h e s i s ,  t h e  yellow color  (due t o  carbon dioxide ' . 
in s o l u t i o n )  i s  chan~od back t o  blue. Tkfs s o l u t i o n  can be 
nreva-ed by d i s s o l v i n g  C.5 g r a m  of brom thymol blue i n  50@ c c .  
of water  t o  make a 0.1 per  c e n t  so lu t ion .  To t h i s  add a t r a c e  
of ~ m o n i u r n  hpdroxlde (one d r 0 ~  per l i t e r )  t o  t u r n  t h e  solu- ! 
t l o n  ? p ~ n  blue .  In  another  keaker d i l u t e  t h e  (2.1 s o l u t i o n  
i n t o  t h e  environmental  water and aake sure the  whole s o l u t i o n  
i s  s t i l l  deep blue.  Then breathe through a soda s t raw i n t o  
t h i s  s o l u t i o n  u n t i l  i t  j u s t  t u r n s  yellow. Thus, any change 
i n  t h e  s o l u t i o n  c3n ten t  of carbon dioxide w i l l  t u r n  the  
Solu t ion  hack t o  deep b lue ,  i f  i t  has been absorbed by t h e  
PI-0dea p l a n t .  Phenol red i s  another i n d i c a t o r  t h a t  can be 
used. I t  has a narrow co lo r  range of pH 6.8 ac id  t o  8.4 
n l k n l i n r .  As tho  carbon dioxide i s  absorbed, t he  co lo r  change 
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1s from ye l low ( a c i d )  t o  red  ( a lka l ine ) .  It i s  d i f f i c u l t  t o  
find o t h e r  methods t o  show the carbon dioxide in t ake  by water 
D l a n t s  t h a t  are a c t u a l l y  ca r r i ed  out In quant i ty .  
~ x ~ e r i m e n t s  
There f o l l o w  experiments which w i ' l  be used t o  t e s t  
what l e v e l s  of understanding occur i n  the  s tuden t s '  p a r t i c i p a -  
t i o n  i n  the demonstrat ions .  Fach s tudent  w i l l  be given a 
complete s e t  of experiments which w i l l  inc lude  the  review of 
pho tosyn thes i s  and ques t ions  t o  be answered. A l l  d i r e c t i o n s  
w i l l  be inc luded  s o  t h a t  d i r e c t i o n  w i l l  be maintained. 
Emerirnent I: Linht  I n t e n s i t y  Variable 
Arrange your ma te r i a l s  and suppl ies  near  a s ink  s o  
that overf low water  w i l l  p resent  no problem. The appara tus  
should b~ a s seab led  a s  I n  t he  a t tached "Apparatus Set-up" 
schprnetic. What s c i e n t i f i c  reason can you de2uce f o r  the  
r l a s t i c  b a f f l e  p l ~ t e  being d r i l l e d  wlth ho le s  i n  the  upper 
S 
and lower one- th i rd?  Could you devise  a simple t e s t  t o  
check your r e s r o n s e ?  (2) khat i s  your concept a s  t o  why i t  
IS o r  i s  n o t  i m p o r t a ~ t  t h a t  a  flow of the  environmental nedia  
be maintained? The "Carbon Dioxide h b b l e  Control" should 
be placed on the  oppos i te  s i d e  of the l i g h t  source. Why? 
\*at Is the  purpose of the  calcium carbonate ch ips  being 
placed i n  t h e  bottom of t h i s  con t ro l  flask? \.%:hat chemical 
t ~ s t  can you use t o  prove your conclusion? Would t h i s  
chemicnl have any adverse  e f f e c t s  on the  Elodea p lan t?  
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Place  t h e  thermometer i n  t he  c o r r e c t  p o s i t i o n  on t h e  
sane s i d e  a s  t h e  carbon dioxide con t ro l .  If necessary,  wire  
t h e  the raomete r  t o  t he  b a f f l e  p l a t e .  Yake sure  t h a t  t h e  
thermometer can be read f roq  ou t s ide  the  conta iner .  Attach 
the  environmental  h e a t  con t ro l  but a l low a t  l e a s t  f i v e  min- 
u t p s  b e f o r e  plugging i n t o  the  wal l  socket .  Why? & ?!ext, 
p o s i t i o n  t h e  c o o l  water t eape ra tu re  con t ro l  a t  the  b o t t o a  of 
t he  j a r .  If n e ~ e s s a r ? ~ ,  t h i s  can be weighed down with  weights  
t o  keep it  i n  t h e  c o r r e c t  pos i t i on  on the  bottom fac ing  t h e  
b a f f l e - p l a t e .  
A f t e r  p o s i t i o n i n ?  a l l  the apparatus  on t h e  d r a i n  board 
or  t a b l e ,  t u r n  on the  cool  water t enpera ture  con t ro l  u n t i l  t h e  
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J a r  r u n s  over .  Shut off  the  water i n t ake  and wa i t  f o r  a t  
l e a s t  f i v e  ~ i n u t e s  bcfore  makine any t r i a l  runs w i t h  a l l  
e l e c t r i c a l  connect ions  t u r ~ c 3  on. Ee very c a r e f u l  t h a t  a l l  
e l e c t s i c a ?  w i r e s  a r e  i n su la t ed  and posi t ioned above t h e  water 
so no d i r e c t  c ~ n t a c t  r e s u l t s .  When the  t i n e  has e lapsed ,  a 
r 
t u r n  on t h e  :ennerature con t ro l  t o  a 70 degree temperature 
F- ,hrenhe i t .  <;hat, t e m ~ ~ r a t u r e  wou1.d this bc OK the  Centigrade 
and Kelvin s c a l e s ?  (o) Slnce the  t e m ~ e r a t u r e  i s  t o  be one of 
t he  n ~ j o r  c o n t r o l l ~ a  f a c t o r s ,  i t  i s  very imnortant  t o  nake 
s rve rn l  ~ d j u s t r n ~ n t s  u n t i l  the  environmental nedia  i s  accu ra t e .  
m a t  t p ~  of s c i e n t l f l c  conclusion can you formulate  a s  t o  
how t h i s  f a c t o r  could have an adverse e f < e c t  cn the  outcomes? 
0 I t  w i l l  spueral hours f o r  t he  media t eqpe ra tu re  t o  
reach  i t s  m o p e r  range.  
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The f a c t o r  which could adversely  a f f e c t  t h e  exper i -  
ment may be the environmental media i n  which the  p l a n t  h a s  
been growing. Thus, it is  very important  t h a t  t h e  p l a n t s  
be placed i n t o  t h e  t a p  water severa l  days preceding the  
exper iment-  
L i g h t  i n t e n s i t i e s  w i l l  be used a s  t h e  v a r i a b l e  f a c t o r .  
The p l a n t s  a r e  ? laced i n  an a r t i f i c i a l l y  l i g h t e d  environment 
f o r  s e v e r a l  days  before  doing the  exper inent .  Why? (11) 
The l i g h t  source should now be posi t ioned s o  t h a t  i t  
can be e a s i l y  moved. A 150 wa t t  r c f l e c t o r i z e d  l a r n ~  w i l l  s e r v e  
a s  an e x c e l l e n t  l i g h t  source. 
The f i n a l  s t e p  w l l l  be t o  proper ly  take the  se l ec t ed  
Flodea p l a n t ,  and, wi th  a  s h a r ~  h i f e  or  razor  blade,  c u t  t h e  
base of the stern a t  right angles  t o  t h e  apex of t he  stem and 
then  p i n c h  t h i s  end between the  thumb and Index f inge r .  This  L 
w i l l  c u t  down t h e  emosed sur face  area  where the  expe l led  
Rases w i l l  be r e l eased .  To hold the p l a n t  i n  t he  a r e a  between 
: 
t h e  upDFr 8nd lower ho le s  i n  the  baTfle-pla te ,  t i e  a piece of 
th read  t o  t h e  very t i p  of t he  p l a n t  and weigh i t  down with  a  
p l cce  of l e a d  f o i l .  The Elodea n l a n t  w i l l  remain submerged 
i n  an I n v e r t e d  - o s i t i o n .  Why i s  i t  imuortant  t h a t  it be 
i n v e r t e d ?  (12) 
Place t h e  l i g h t  source a t  a  d i s t ance  of t h i r t y - s i x  
I n c h ~ s  from t h e  Elodea nlant and then s e q u e n t i a l l y  move the  
l a n p  n e a r e r .  It w i l l  be important now, a s  t h e  laxp i s  brought 
n e a r e r ,  t o  wntch t h e  temperature v a r i a t i o n s  wi th in  the  nedia .  
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mat c o n t r o l s  can be used t o  cont ro l  t h i s ?  U It w i l l  be 
important  t h a t  a  very accura te  recording of the  d a t a  be kept.  
Can you d e v i s e  a c h a r t  f o r  the recording of the  d a t a  so  t h a t  
i t  can be e a s i l y  read? (14) Also, i t  w i l l  be very valuable  
to graph the d a t a  onto the  graph so  t h a t  t he  numerical d a t a  
obtained w i l l  have a s t a t i s t i c a l  r e l a t i o n s h i p  a s  t h e  experi- 
ment p rogres ses .  What type of graph can you design t o  show 
t h i s ?  1151 A l i g h t  meter should be used t o  g ive  numerical 
d a t a  on v a r i o u s  l i g h t  i n t e n s i t i e s .  
Do some research reading on l i g h t  i n t e n s i t i e s  and 
how l i g h t  i s  measured. What u n i t s  a r e  used to measure l i g h t ?  
(16) Can y ~ u  make a l i g h t - i n t e n s i t y  c h a r t  which w i l l  show 
the  various i n t e n s i t i e s  a t  t he  sequent ia l  d i s t a n c e s  before  
t h e  e m e r i m e n t  i s  s t a r t e d ?  (17) This w i l l  be a g r e a t  he lp  
ir, carrying o u t  the experiment. 
The pE of the  environment should a l s o  be kept  by 
sa.nple t r s t i n g  wi th  the hpdrion paper s l i p s .  What effect 
will. t h i s  have on the  r a t e  of gas production? How could 
YOU des ign  an  experiment t o  prove t h i s ?  I181 
Graphs of a u a n t i t a t l v e  data a r e  imror tan t  i f i  s c i e n t i f i c  
c o r n m i c a t i o n .  !%%en you a r e  ~ r a ~ h i n g  a  process,  t ake  pains 
t o  p l o t  the v o i n t s  accura t e ly  and t o  connect them with saooth 
l i n e s .  L ~ b e l  t h e  q u a n t i t i e s  p lo t ted  on the  v e r t i c a l  axis 
( o r d i n a t e )  and h o r i z o n t ~ l  a x i s  (absc issa)  along the  s c a l e s ,  
and nrovide  t h e  e n t i r e  gra-h with a concise t i t l e .  When you 
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expres s  d a t a  q u a r t i t a t i v e l y ,  do so  a s  p r e c i s e l y  a s  p o s s i b l e ,  
us ing  t h e  m e t r i c  system; avoid the  use of d a t a  which i n d i c a t e  
g r e a t e r  ~ r e c i s t o n  than  what i s  allowed by t h e  instruments.  
TO s t a t e  t h a t  t h e  thermometer reading was 30.5 degrees Centi-  
grade would be erroneous s ince  the  s c a l e  on t h e  thermometer fs 
m r k e d  i n  whole degrees .  To make use  of such da t a  i s  unscien- 
t i f i c  and t h u s  u n r e l i a b l e .  The same i s  t r u e  with  averaging 
r e s u l t s ,  c a r r y i n g  them out s eve ra l  decimal p l aces  when a l l  
measurements were made using one decimal place.  This l e a d s  
t o  a f a l s e  impress ion of accuracy. Always, round the  average 
t o  t h e  sane  degree  'nvolved with t h e  ins t ruments  used. 
When a l . l  of your d a t a  have been recorded and graphed 
it w i l l  be t ime t o  analyze and i n t e r p r e t  your information.  
Can you see any t ype  of r e l a t i o n s h i p  on your numerical graph 
b e t w ~ e n  L i ~ h t  i n t e n s i t i e s  and gas production by t he  Flodea 
~ l a n t ?  (la) Q-?e of r e l a t i o n s h i p  can ; ~ O U  s t a t e  t h a t  can 
be v e r i f i e d  by vour da ta?  (20) (This i s  the  most i ~ o r t a n t  t 
D R ? ~  of t h e  ~ x p e r i a e n t .  You m s t  th ink  t h i s  r e l a t i o r s h i p  ou t  
very carefully,  doing your own work i n  formulating your con- 
Cpp t .  I t  r r m s t  be v e r i f i e d  by your da t a . )  
Can you t h i n k  of any ways t h a t  could be introduced o r  
l e f t  o u t  t h a t  wpuld a a k ~  t h i s  experiment nore meaningful? 
(21) In  your opinion,  do you f e e l  t h a t  n l e s son  taught  by 
t h i s  n r o c e s s  h ~ s  more n e r i t s  and i s  the re fo re  Tore meaningful 
than i f  merely read from a s c i e n t i f i c  review o r  book? .=, 
f i l c h  nart of t h i s  e x p ~ r i m ~ n t  d i d  you l i k e  a o s t  doing? (23) 
mnt d i d  you d i s l i k e  most about the  demonstration? ( 2 1  
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ExDerirnent 11: Temnerature 
T h i s  experiment w i l l  be done with  t h e  sane type of 
se t -up  t h a t  was used f o r  the l i g h t  i n t e n s i t y  
experiment.  The v a r i a b l e  f a c t o r  i n  t h i s  denons t ra t ion  w i l l  
be t h e  S e q u e n t i a l  change of environmental media temperature. 
The procedure  w i l l  be i d e n t i c a l  t o  t h e  previous  exper i -  
ment e x c e p t  t h a t  t h e  aquarium hea te r  w i l l .  be used t o  a t t a i r i  
t he  d e s i r e d  tempera tures .  I c e  w i l l  be used t o  a t t a i n  tempera- 
t u r e s  below t h a t  of t h e  water f r o n  the  tap.  
What o t h e r  f a c t o r  must be cont ro l led  i f  t h e  v a r i a b l e  
f a c t o r  i n  t h i s  exrer iment  i s  the  temperature? (1) A t  what 
d i s t a n c e  d o  you t h i n k  t h e  l i g h t  source should be placed t o  
o b t a i n  t h e  maximal l i g h t  i n t e n s i t y  with the  l e a s t  anount of 
a d 2 i t i o n a l  heat? (2) Where can you f i n d  da t a  t o  s u b s t a n t i a t e  
;:cur c o n c i u s i ~ n  on t h i s  f a c t o r ?  112 A t  what range of t he  I 
tenperf t turo sca1.e 60 you th ink  woulc! be b e s t  t o  s t a r t  fron, 
the  lower o r  h ighe r  range? (4) 'thy? (Think t h i s  ou t  
! 
very carrfull-y e n d  be su re  ou have considered a l l  t he  poss ib l e  
advantages  and d1sadvanta .e~ f o r  basing your conclusion.)  
S ince  a  1.ower temperature range w i ' l  be required ir. 
t h i s  Cxpcriment, whnt  t y r e  of a r t i f i c i a l  means do you th ink  
wi l l  work t h r  b r s t ?  a Considering the  s a t e r i a l  ?-ou wi l l  
use  f o r  t h i s  p a r t  of t h e  experiment, what i s  the  lowest 
t fmper s tu re  r ead ing  you can obtain  t o  use a s  a  s t a r t i n g  
n o i n t  i n  r eco rd ing  your da ta?  (7) Pow wil l  you proceed t o  
v p r l f y  t h i s  conc lus ion?  
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Since p l a n t s  a r e  very s imi ler  t o  humans, about how 
long w i l l  I t  t a k e  t h e  Elodea t o  adjus t  t o  t h i s  abnormal 
environaent?  lJhy i s  t h i s  an important f a c t o r ?  ( I C )  
I t  w i l l  be ve ry  important t o  keep the  temperature 
con t ro l l ed  t o  t h e  n e a r e s t  whole degree, s ince any g rea te r  
change w i l l  make the  r e s u l t s  inval id .  After you have begun 
your work, about  what degree of tenperature range w i l l  you 
use between t h e  sequences? (11) S c i e n t i s t s  sometimes r e f e r  
t o  t h e  temperature f a c t o r  i n  photosynthesis a s  the I'Q-10 fac-  
tor ."  Can you deduce any meaning from t h i s  term a f t e r  care- 
f u l l v  recording  your d a t a  on temperature e f f e c t s  on the r a t e  
of photosynthes is?  (12) You nap have t o  do some research 
reading on photosynthes is  t o  f ind the exact d e f i n i t i o n  of 
t h i s .  
be for^ rccordinq any of the data  i n  f i n a l  form, can 
you t h ink  of any f a c t o r  or  va r i a t ion  of f a c t o r s  which should 
have been pheckcd but  wkich qay have been overlooked? (111 
A g ~ l n ,  : ou a r e  t o  graph your numerical data  so  t h a t  
YOU cRn c l o t  ar?y changes i n  your fin6ings.  Which f a c t o r s  
w i l l  you p l o t  on your graph? (14) Fernember some of the prob- 
lems which any bc encountel-ed :n graphing from the l i g h t  
I n t ~ n ~ i t y  e x p e r i ~ e n t .  A ~ o o d  funCanrntal s c i e n t i s t  always 
rechecks a l l  h i s  f a c t o r s  hefore making any tyy\e of r e r o r t  
since Rny e r r o r s  mRy i n v a l i d a t e  a l l  of h i s  e f f o r t s .  
Whrn a l l  your d a t a  have been col lected and properly 
asspmbled, i t  i s  timr t o  graph the r e s u l t s  and formulate 
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some conc lus ions  based and v e r i f i e d  by your da ta .  look over 
your graph and see  if You can observe or d e t e c t  any outstand- 
ing numerical  changes- Name them. (15) Carefu l ly  s c r u t i n i z e  
t h i s  r e l a t i o n s h i p  and formulate a s c i e n t i f i c  concept which 
you t h i n k  b e s t  expresses  your conclusion. (16) >hen t h i s  has  
been formula ted ,  c a r e f u l l y  read it over t o  make sure  it 
expresses  o n l y  what your d a t a  show. This i s  probably the 
ha rdes t  p a r t  of the experiment, so  use only your da ta  and 
s t a t i s t i c s  t o  base yaur concept. I f  your concept i s  v a l i d  and 
the  experiment i s  e a s i l y  reproc?uced by o t h e r s ,  it w i l l  then 
pass t h e  s c i e n t i f i c  t e s t  of r e p e t i t i o n  and v e r i f i c a t i o n  by 
o thers .  
From your s c i e n t i f i c  viewpoint, what i s  :-our opinion 
a s  t o  t h e  m e r i t s  of such a science lesson? (18) Why d i d  you 
l i k e  o r  d i s l i k e  a l l  o r  p a r t s  of t h i s  e q f r i m e n t ?  ,u 
FXIFEIMFtNIAL DATA A?JD IiKALYSIS OF 
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The 120 s t u d e n t s  i n  ninth-grade sc ience  a t  Cen t r a l  
J u n i o r  E igh  School i n  Ames, Iowa, handed i n  t h e i r  notebooks 
wi th  t h e i r  d a t a ,  graphs  and s u m ~ a r i e s  when a l l  t he  exper i -  
a e n t s  were completed. These were then c a r e f u l l y  read f o r  
c o n t e n t  by t h e  i n v e s t i g a t o r .  The key p o i n t  of t h e  9 r o j e c t  
was t o  de te rmine  i f  t h e  s tuden t s  d i d  develop d i f f e r e n t  
l e v e l s  of unders tanding .  This would be based on the  degree 
of concep t s  w r i t t e n  by each s tudent  of t h e  e f f e c t s  of l i g h t  
i n t e n s i t y  snd environmental  t enpe re tu re s  on an FAodea ? l a n t  
d u r i n ~  t h e  n r o c e s s  of photosynthesis .  
F i v e  c l a s s e s  of n inth-grade s tuden t s  ran  the  same 
ex re r imen t s  on t e n p e r a t u r e  e f f e c t s  on an Flodea p l a n t  by 
count in^! t h e  numbcr of gas  bubbles given o f f  du r in3  time 
i n t r r v ~ l s  of one minute. Since s l i g h t  d i f f e r e n c e s  i n  t h e  
e x a c t  number of bubbles produced per minute ~ c c u r r e d  in t h e  
d i f f e r e n t  s e c t i o n s ,  ~ 1 . 1  of these  were added toge ther  and 
t h e  avpraee numhrr of bubbles per minute was obtained.  
Thus, i n  Table  I ,  t h e  Rveragr number of bubbles per minute 
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i s  shown and t h e s e  d a t a  were given t o  a l l  the s tudents  so  
t h a t  t h i s  would n o t  be a  complicating f a c t o r  i n  the l e v e l  
of understanding a r r ived  a t  by each student.  
0 The temperatures  ranged from a low of 59 Fahrenheit 
0 t o  t h e  h igh  of 99' Fahrenheit  i n  5 Fahrenheit s teps.  This 
range of t e a p e r a t w e  could be e a s i l y  obtained using the  
f a c i l i t i e s  i n  t h e  school laboratory.  The l i g h t  i n t e n s i t y  of 
3200 candle  power was se lec ted  s ince it  produced a  aaximum 
number of gas  bubbles during a  t r i a l  run on how l i g h t  in ten-  
s i t y  a f f e c t s  t h e  Elodea p l a n t  during the process of photo- 
synthes is .  S imi la r  r e s u l t s  could have been obtained by using 
some o t h e r  l i g h t  i n t e n s i t y .  
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The second p e r t  of the  designed experiment was t o  f i n d  
t h e  e f f e c t s  of v a r i o u s  l i g h t  i n t e n s i t i e s  on the  production of 
bubbles g iven  off  by an Plodea p l an t  during the  process  of 
Each of t he  f i v e  sec t ions  of ninth-grade 
sc i ence  c a r r i e d  o u t  the  same bas i c  l abo ra to ry  procedures on 
how many p a s  bubbles were given of f  with t h e  se lec ted  l i g h t  
i n t e n s i t i e s  ranging  f r o a  1600 t o  12,800 f o o t  candles of power. 
Since each  c l a s s  r enor t ed  d i f f e r e n t  numbers of bubbles pe r  
minute, a l l  d a t a  were averaged t o  the  n e a r e s t  whole bubble 
ner minute and qiven t o  each c l a s s  t o  base t h e i r  understand- 
i n g s  on. Table  I1 p r e s e n t s  t he  da t a  made ava i l ab le  t o  a l l  
the  s t u d e n t s .  
TABLE I1 
T . i ~ h t  Intensity Gas 3ubbles Given off  
(Foot Candles) ~ e r  Yinute 
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The d a t a  p resen ted  i n  Tables I and I1 were arranged 
on graphs .  These a r e  presented i n  Figures  2 and 3. 
I 11. CLASSIFICATION OF STUDEKT EE SPONSES 
The concep t s  handed i n  by the  120  ninth-grade sc ience  
~ t u d e n t s  were read  and c l -ass i f ied  i n t o  f i v e  ca t ego r i e s .  Some 
of t h e  s a n p l e s  were hard t o  p lace  onto a s p e c i f i c  group and 
were g laced  where t h e  i n v e s t i g a t o r  thought they  b e s t  belonged. 
The d i f f e r e n t  c a t e g o r i e s  a r e  a s  follows: 
Ca tegory  A. The Category A group cons i s ted  of those  
s t u d e n t s  who gave "no responsesM t o  t he  problens of l i g h t  
i n t e n s i t y  and temperature  on t h e  r a t e s  of photosynthesis .  
E o ~ e  of t h p s e  s t u $ e n t s  Ravp any reasons  f o r  t h e i r  lack of 
rp s ronses .  
C a t e ~ o r v  B. The Category B group of s t u d e ~ t s  missed 
t h e  ~ o l n t  co?rpletely.  They had no understanding of t h e  r e l a -  
t i o n s h i p  betwcen t h e  l i g h t  i n t e n s i t y  and t e a c e r e t u r e  upon t h e  
r a t ~  of pho tosyn thes i s .  One of these  s tuden t s  wrote t h a t  
I f i f  t h e  environmental  f l u i d  became too h o t  due t o  t he  h e a t  
f r o n  t h e  l i ~ h t  source ,  the  p l a n t s  wouLd die."  
Ca tpaory  C. The C a t ~ q o r y  C grour was ca l l ed  the  F i r s t  
Denree R r l a t i o n s h i p  resnonses .  These s tuden t s  s t a t e d  a v e r b a l  
unders tanding  of t h e  r e l a t i o n s h i ?  t h a t  l i g h t  i n t e n s i t y  and 
t ~ a p e r a t u ~ ~  d i d  ~ f f p c t  h e  r a t e s  of bhotosynthesis  i n  an Flodea 
Tmperature i n  Degrees Fahrenheit 
Figure 2. Average nurnber of recorded eas bubbles given 
off per rnincte durlnq y h o t o s ~ a t h e s i s  of an ?3odea p l a n t  a t  
various e n v l r o n ~ e n t a l  t ~ ~ p e r a t u r e s  w i t h  a constant light 
i n t r n s i t v  of 32CO foot candles .  
L i q h t  In tens i t ! .  i n  Foot Candles of Power 
F l t u r p  3. Average number of recorded bubbles  g i v e n  o f f  
PPr minutp  d u r i n q  e h o t o s y n t h e s i s  of ar! Flodea p l a n t  a t  various 
l l ~ h t  i n t ~ n s i t i e s  w i t h  a c o n s t a n t  t e m a e r a t u r r  of 74' 
Fahrenheit. 
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p l a n t .  These s t u d e n t s  s t a t e d  only a ve rba l  mathematical 
t h a t  t h e  r a t e s  e i t h e r  increased or  decreased.  
~n example of t h i s  i s ,  " the  neare r  t he  l i g h t ,  the  g r e a t e r  
the  r a t e  of  photosynthes i s . "  
Ca tenorv  The Category D group was labeled the  
Second Degree R e l a t i o n s h i p  responses .  These s tuden t s  
resnonded w i t h  d i r e c t  mathena t ica l  and ve rba l  r e l a t i o n s h i p s  
a s  t o  t h e  e f f e c t s  of l i g h t  i n t e n s i t y  and temperature on t h e  
r a t e  of p h o t o s y n t h e s i s .  These s tuden t s  computed a s t a t i s t i -  
c a l  v a l u e  from t h e i r  d a t a  and graphs a s  t o  a numerical f a c t o r  
r e l a t i o n s h i p .  An exa3ple  i s ,  "as  t he  l i g h t  i n t e n s i t y  i s  
doubled i n  c a n d l e  Dower, t h e  bubble output  increased by two 
per minute.  I I 
C a t e ~ o r v  E. The Category E s tu3en t s  were labe led  
Third D e a r ~ e  P e l a t i o n s h i p  res ronses .  These res-onses  were 
very wel l  thouwht ou t  i n  mathematical reasoning.  Most of 
t h e  s t u d e n t s  t r i e d  t o  formulate  a mathematical formula f o r  
t h e  r ~ l a t i o n s h i p  of l i e h t  i n t e n s i t y  an8 temperature on t h e  
r ~ t @ s  of p h o t o s y n t h e s i s  i n  an Flodea ~ l a n t .  A good e x a n ~ l e  
of t h e s e  i s ,  " f o r  each 2C0 Fer cen t  d i f f e r e n c e  i n  candle  
nowrr, t h e r e  i s  7.8 d i f f c r c n c e  i n  t h e  bubbles emitted by 
the  Elodea ~ l a n t . "  
I V .  SUW4AhY OF STUDESiT RESPONSES 
The responses  of the  s tudents  t o  the question, 
"how does t h e  v a r i a t i o n  i n  l i g h t  i n t e n s i t y  a f f e c t  the r a t e s  
of pho tosyn thes i s  i n  an Elodea p lant  during photosynthesis , I 1  
and "how do changes i n  environmental temperature a f f e c t  the 
r a t e s  of photosynthes is  when the  l i g h t  i n t e n s i t y  i s  constant 
i n  an FJodea n l a n t , "  a r e  included i n  the  Appendix. 
The responses  of the  s tudents  were placed i n t o  two 
c l a s s i f i c a t i o n s .  One c l a s s  was f o r  the s t a t i s t i c a l  value of 
the l i g h t  i n t e n s i t y  and the  other  c l a s s i f i c a t i o n  was f o r  t h e  
temperature v a r i a b l e s  on the  r a t e s  of photosynthesis. m e  
analyses  of t h e s e  responses a r e  inclu2ed below: 
C s t e ~ o r y  A .  Light I n t e n s i t y :  twelve s tudents  gave "no 
resgonses" t o  the  experiment. This was equal t o  5.8 
per  c e n t  of the  s tudents  involved. 
T e m e r a t u r e  l 'ariable:  twelve s tudents  gave "no resoonses" 
t o  t h i s  experiment. C f  these twelve, four s tudents  
Raw "no r e s ~ o n s e s '  f o r  the l i g h t  i n t e n s i t y  var iable .  
C a t e ~ o r y  B. L i g h t  In tens i ty :  twenty s tudents ,  or 16.8 
ppr c e n t  of t h e  s tuden t s ,  tlaissed the point  completely." 
Temperature Variable:  twenty-four s tudents ,  or 20 per 
c e n t  of the  s tudents ,  "missed the point  completely." 
C a t w o r ~  -. C L i g h t  In tens i ty :  f i f ty - four  s tudents  or  
45 per  c e n t  of the  s tudents  responded with F i r s t  Degree 
4 0  
'Temperature Var iab le  : f lf ty-one s tuden t s  o r  42.4 per  
c e n t  responded wi th  F i r s t  Degree Relat ionships .  
CatenorY B. Light  I n t e n s i t y :  twenty-six s tudents  or 
21.8 p e r  c e n t  of a l l  the  s tudents  responded with 
Second Degree Rela t ionsh ips .  
Temperature Var i ab le  : twenty-six s tudents  or 21.8 per  
c e n t  responded wi th  Second Degree Relat ionships .  
Ca tegory  E. Ligh t  I n t e n s i t y :  t h i r t e e n  s tudents  or  10.8 
p e r  c e n t  responded with  Third Degree Fielationships. 
Temperature Tyariable: twelve s tudents  or  10 per  cen t  
responded wl th  Third Degree Relat ionships .  
S L M W Y  AND COliCLUSI ONS 
The purnose  of t h i s  Study was t o  deterzzline what 
l e v e l s  of cornprehension sc i ence  s tuden t s  develop during a 
t eache r -pup i l  demons t ra t ion  on photosynthesis .  An experi-  
ment des igned  on t h e  f a c t o r s  and v a r i a t i o n s  of f a c t o r s  which 
a f f e c t  t h e  ra tes  of nhotosynthes i s  i n  an Elodea p l a n t  was 
used t o  v e r i f y  t h i s  assumption. 
The r e s e a r c h  was c a r r i e d  ou t  wi th  120 ninth-grade 
sc i ence  s t u d e n t s  a t  C e n t r a l  Jun io r  High School, h e s ,  Iowa. 
No a t t empt  was made i n  grouping wl th in  t h e  f i v e  c l a s s e s ,  
s i nce  they  were t h e  r e g u l a r  ass igned grou9s taught  by t h e  
' a ch  s t u d e n t  was given a mimeographed brochure which 
contained r e c e n t  r e s e a r c h  by s c i e n t i s t s ,  and i n s t r u c t i o n s  on 
how t h e  exper iments  were t o  be c a r r i e d  out.  The s tudents  
were a ? :  ~ i v e n  FI b r i e f  " r e f r e s h e r n  course  by the  teacher  s o  
t h a t  t h e y  would have a com-non background of knowledge over 
~ h ~ t o s y n t h e s i s .  The s t u d e n t s  were a s s i s t e d  by the  teacher  
dur inp  t h e  s e t t i n g  up of t h e  appara tus  and were given only 
a in imal  a s s i s t e n c e  from then  on. Al? s tuden t s  had t o  answer 
Q u e s t i o n s  i nc luded  I n  t h e i r  brochure about the  observa t ions  
they made. 
Thp key t o  t h i s  r t udy  was the  type of conclusions  or 
concepts  t h e  s t u d e n t s  d c ~ b l o p e d  dur inc  t h e i r  experimenting- 
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The s t u d e n t s  had t h e i r  C O n ~ l ~ s i o n s  with the  d a t a  
they had c o l l e c t e d .  Some of the  d a t a  had t o  be graphed and 
i n t e r p r e t e d  by t h e  s t u d e n t s -  F - a ~ h  s tudent  was in s t ruc t ed  
t o  deve lop  an unders tanding  of h i s  own and n o t  r e l y  on h i s  
f e l l ow c l a s s m a t e s  f o r  a s s i s t a n c e .  
A l l  t h e  notebooks were turned i n  and the  concepts were 
w i t h  each  o t h e r .  They were i nd iv idua l ly  categor ized 
i n t o  f i v e  c a t e g o r i e s :  A,  E, C, D, and E. 
Ca tego ry  A c o n s i s t e d  of those  resqonses which has  "no 
resnonses"  f o r  t h e i r  answers. This included 5.8 per cen t  of 
a l l  t h e  s t u d e n t s .  S a r n ~ l e s  a r e  included i n  t h e  Appendix. 
Category B c o n s i s t e d  of those  s tuden t s  "who missed the c o i n t  
completely."  T h i s  group included approxiaa te ly  18  per cen t  
of a'! s t u d e n t s .  These s t u d e n t s  s i s s e d  t h e  main idea of the  
e x w ~ r i m e n t ,  h u t  s t i l l  developed a s c i e n t i f i c  u n d e r s t a ~ d i r g  
c l o s e l y  r ~ l a t e d  t o  t h e  problen.  
C a t p ~ o r y  C c o n s i s t e d  of those resnonses of F i r s t  
Degree S e l a t i o n s h i ~  l e v e l .  These had a  f a c t u a l  understand- 
ing of t h e  ~ f f e c t s  of l i g h t  i n t e n s i t y  and temperature on the 
r a t r s  of  p h o t o s y n t h e s i s .  This  included 44 per cen t  of a l l  
s t uden t s .  C n t e l o r y  D cons i s t ed  of those s tudents  vho 
dcvcloped Second 3pgree Rela t ionsh ips  o r  understandings with 
a d i r ~ c t  m e t h e m ~ t i c e l  r e l a t i c n s h i p .  This i n c k d e d  22 ~ e r  
4.3 
highly developed mathematical and verbal. understandings. 
p,is included 1-0 p e r  cent of the students, 
The final analysis verifies that approximately 95 per 
of all nirth-grade students at Central Junior High 
school developed some measurable scientific understandings 
dur ing  a teacher-pupil denonstration on photosynthesis, but 
at d i f f e r e n t  levels of complexity of understanding. 
A complete list of the various categories and sa2ples 
of t h e  under st an dine;^ presented by the students wi1.l be found 
in the Arpendix. 
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Student  Responses 
a t e  o r  This group c o n s i s t s  of those s tudents  who gape Cay 
"no r e s p o n s e s  .I' 
I d o n ' t  unde r s t and .  
I d i d n ' t  unde r s t and  it. 
Don' t  unde r s t and .  
I don '  t u n d e r s t a c d  t h i s  s t u f f .  
Don ' t  g e t  it. 
No i d e a .  
I d o n ' t  u n d e r s t a ~ d  t h i s  kind of science.  
I d o n ' t  g e t  it. 
I am a f r a i d  I canno t  unders tacd t h i s  a t  a l l .  
E e a t s  me. 
C a t ~ ~ o r y  B. T h i s  Erou? pave "no r e l a t i onsh ip"  resccnses. 
I u n d e r s t a n d  how t o  do it but  c a m 9 t  ? u t  i t  i n t o  
vorc? s. 
P l a t l t s  a r p  J u s t  a s  coqn'ex a s  humans, i f  not nore 
S O  . 
I t h i n k  i t  i s  vFrv i n t e r e s t i n g  l e a r ~ i n g  t h i s  way. 
I t h i n k  I unders tand  it very wel?. 
I t h i n k  t h a t  from t h i s  e x p e r l ~ e n t  I an learning ?lore 
than o t h e r w i s e .  
The 'lodes p l a n t  r ' o ~ s  we!? a t  a b m t  7C degrees, but 
most Rny o t h c r  v a r i ~ b l e  d o ~ s  poorly. 
The more i n t e n s e  the h e ~ t  a t  the same degrees, 
produces more b u b b l ~ s  a t  f a s t e r  r a t e .  
The n l e n t  crows brttrr i n  a warmer t s n ~ e r a t u r e  of 
water but when 1 t ~ p t s  t o o  h o t  i t  pradual? y dies. 
 his experiment  shows how hot  water can get before 
a  p l a n t  w i l l  d i e .  
 he ~ l a n t  w i l l  s t a r t  dying a t  a higher degree. 
A t  t o o  h i g h  of l i g h t  Rower the  p lant  d ies  because 
the  c e l l s  a r e  destroyed by in tense  l i g h t .  
AS t h e  l i g h t  i s  placed c l o s e r ,  more heat was gener- 
a ted and unusua l ly  more warmth i n  i d e a l  conditions for 
l i f e  s o  more c e l l s  were produced causing more bubbles. 
Category C. This  group developed F i r s t  Degree Relationships 
with a  v e r b a l  understanding of the e f f e c t s  of l i g h t  and 
temperature on photosynthes is .  
The g r e a t e r  t h e  l i g h t  i n t e n s i t y ,  the greater  the ra te  
of pho tosyn thes i s .  
The h i g h e r  t h e  temperature,  the f a s t e r  the photo- 
s y n t h e s i s  t a k e s  p lace .  
A s  the lamp was moved c l o s e r ,  the bubbles increased. 
A s  the t e v ~ e r a t u r e  increased,  the r l a n t  produced 
more bubbles .  
1 f w n d  t h a t  bubbles develop un2rr l i g h t  intensity.  
I found how many bubbles develop un?er certain 
d g ~ r ~ e s ,  
The t ~ ~ p e r n t u r e  d f i n i t e l y  has  an ef-ct on the 
OXypen o u t p u t  o r  t h e  l  lode^ p lan t  when the l i g h t  
i n t ~ n s i t y  is s t a t i c .  This  e f f e c t  i s ,  however, quite 
e r r a t i c  ~ n d  u n r r e d i c t a b l e .  
I n  my oninion ,  l i e h t  i n t e n s i t y  a f f e c t s  the ra te  of 
~ h o t ~ s ~ t h e s i s  depending on how close the ? i e h t  source 
1 9  RWRY f r o 7  the  n l a n t .  
Tempprature nnd l i g h t  i n t e n s i t y  both influence the 
~ b i l  of Eloc'ea p 1 a r . t ~  t o  produce oxygen. 
F l e n t s  ~ I V P  o f  Oxyqm. l l e ~ e  usual1 r R ~ F  ?@re 
c i v e n  o f f  thp  q r e a t ~ r  t h ~  l i g h t  intensi ty-  
Thp d e c r r n s r  of l . i ~ h t  i n t e n s i t y  s e m s  t o  decrease 
t h ~  n u m b ~ r  or bubbles  nra$uced. 
m e  b e s t  combinations f o r  producing 0 
gen see, to be 9600 t o  1?,8CO candle newer a t  69 t o  8 degrees Fah- 
r enhe i t .  
The a b s o l u t e  va lue  d i f ference  i n  the number of bubbles 
per minute between two adjacent  temperatures decreases as 
the cand le  power decreases .  
C C ,  D*  his g r o u p  i s  the  Second Degree Relationships which 
have a d i r e c t  mathematical  and verbal understanding of the 
of l i g h t  i n t e n s i t y  and temperature. 
l i g h t  i n t e n s i t y  a f f e c t s  the r a t e  of oxygen ~roduc-  
t i o n  i n  t h e  Elodea p l a n t .  When the l i g h t  i n t e n s i t i  i s  
doubled, t h e  bubble count i s  ra ised  t w ~  bubbles per minute. 
The l i g h t  i n t e n s i t y  a f f e c t s  the bubbles of oxygen 
re leased  by t h e  Flodea p l a n t  when the tenperature reraains 
s t a t i c .  -:hen t h e  l i g h t  i n t e n s i t y  doubles, the oxygen 
bubbles yer minute ?ecreased by one or two bubbles. 
The number of bubbles of oxygen produced by the Elodea 
p l a n t  pe r  minute increased  by two each time the l i g h t  
i n t ~ . n s i t y  Goubles. 
':ll.ler! thc l i q h t  i n t ~ n s i t y  dqubles, the Elodea r l an t  emits 
two T O ~ P  b u b b l ~ s  Ter minute. Yeed -ore experiments to 
a r r i v ~  ~t a 6e f 'n i t e  Rnswer. 
It SPPTS t o  ve t h a t  a f t ~ r  !.ooking a t  the data, each i ~ d i -  
v i ? u a l  r l ~ n t ,  dependlnc on s i z e ,  conditions, yosition i n  
thp W ~ ~ P P  ~ n d  S ~ R D P ,  has an a ~ o u n t  of l i g h t  i n  which i t  
t h r i v e s  b s t .  re : -ond  t h i s  eyount, or below it, i t  60es 
nQt work n s  r f f i c i c n t l y  a s  i t  does when e t  that point- 
2~ bubble c n t r  p e r  a i w t e  increases  a s  you ncve the 
l i ~ h t  c?  O S Q ~  t o  t h ~  SloCea p lant .  i.t three f e e t  i t  has 
seven b u b b l ~ s  apr minute, a t  s i x  inches i t  has 1 2  kubb?es 
p @ r  minute. 
S i r  l n c h r s  0:. w n t ~ r  c u t s  the l.iqht i n t ens i ty  by ane-halfa 
Pe aorp t h r  l i ~ h t  Intensi t : . ,  the aore the i.roducti@n of 
pas. The i den1  -Ancr of t r n p ~ r a t u r r s  i s  between bQ t o  74 
d e ~ r e e s  : ' ahr rnhei tm 
':his Rroup i s  t h e  T h i r d  Decree r.elationships *ich 
An i n c r e a s e  
i n c r e a s e  i n  thc- 
of t h e  l i n e  i s  
the  miniwum l i g  
pho tosyn thes i s .  
increased  i n  li 
per  15CO C.D. i 
t o  an uneven f l  
bubbles.  More 
rcsul t s  can  be 
i n  l i g h t  i n t e n s i t y ,  i t  seeas, causes an 
r a t e  of c h o t o s ~ n t h e s i s .  As no ?evel:ng a p p a r e n t ,  our da t a  does not t e l l  h a t  i s  
h t  i n t e n s i t y  f o r  naximum eff ic iency in  
The ' lodea planes  r a t e  of photosynthes 
g h t  i n t e n s i t y  a t  t h e  r a t e  of one bubble 
n c r e a s e  i n  l i g h t  i n t e n s i t y .  Perhaps due 
ow of C02, the  p l a n t  produced %any l e s s  
d a t a  i s  neces sa ry  before any conclusive 
r eached .  
I l h e n  t h e  t e m p e r a t u r e  i n c r e a s e s  5 degrees, the average 
number of  b u b b l e s  p e r  minute i s  increase.' by 2 up t o  79 
deg rees ,  t h e n  it d e c r e a s e s .  The bubbles s t a r t  out slowly 
but  i n c r e a s e  s h a r p l y  till- 79 degrees. 
~ An i n c r e a s e  i n  l i g h t  i n t e n s i t y  of 150 per cent increases 
the  bubb le s  by two p e r  minute. Any l e s s e r  increase has no 
d i r e c t  e f f e c t .  
I 
I For each  200 Der c e n t  d i f f e r e n c e  i n  candle power, between 
the -!IOVPS, there  i s  a 7.8 d i f f e r e n c e  i n  the number of bubbles 
c n i t t e d  by t h ~  p l a n t s .  
The one t y i n y  I car! c3nc7urle i s ,  regardless  ~f equal 
canc?le-ower on d i f f e r e n t  p l a n t s ,  l i r h t  t raveling t*ough 
a c e r t a i n  ~m.ovn? of w ~ t e r  has  l e s s  ~ f f e c t  Dn the ?recess 
of ~ h o t o s y n t h r s i s  thar .  1 i e h t  passing Eirect'y throuyh ai r r .  
As f a r  R S  I can see,  t h i s  g r a ~ h  shows tha t  t he  e f rec t  or  
? i ? h t  i r . t ~ n s i t y  uT?n rhotos:-nthe s i s  i s  a s  predictable as 
t h r  wfn ther .  r', ~ ~ n e r : l  . n ~ t h c m e t i c a l  equatior. could be 
m ~ d e  f o r  t h e  r l n ~ t s  ~t 74 degrees  'ahrenheit. For t h i s  
s i t u n  t 4  on,  cvrr? timr t h e  l ! r h t  inc-eases one-half i t s e l f ,  
the  bubbles  Der . n i n u t ~  i n c r ~ a s e  by two. There are 12 
bubbles r e r  ,Inutr p t  '2C@ C R F ~ ~ Q  pOweP. 'Ifhen the ?i?ht  
i n t ~ ~ l i t y  d o u h l ~ s ,  t h r  b ~ b b l r s  increase  by two. '*e- a t  
=:@C t r i p l e s ,  t h ~  n u ~ b e r  of b u b b l ~ s  increase  f@ur 
itself. odcr i s  r ~ a c h e d ,  i t  increases  by 6 -  EOweTer 
n t  6 4 0 ~  canc1l.p povpr, t h e  bubLles increase  0n7-Y b? 
throws my whole t h e o r y  o f f .  The 1 i ~ h t  Z O P S  have an effect  
on t h c  nuvkry of bubh!es Der minutr ,  snd e x c e ~ t  for  this 
onp d i f f e r r n c e ,  t h e  whole t h in?  i s  a IcSS. 
